We report 153 Eu and 69,71 Ga NMR under a zero magnetic field on the antiferromagnetic state of EuGa 4 with T N ≈ 16 K. We have successfully observed a 153 Eu zero-field NMR signal with well-resolved nuclear quadrupole splitting in the antiferromagnetic state of EuGa 4 . 69,71 Ga zero-field NMR spectra were also observed below T N . The internal field and nuclear quadrupole frequency are estimated from a simulation of the spectra by the exact diagonalization of the nuclear spin Hamiltonian matrix. The asymmetrically split zero-field NMR spectra were explained by considering a configuration of the magnetic moments of Eu 2+ lying in the basal ab-plane. The temperature dependence of the internal field, which is proportional to the sublattice magnetization, can be explained by the Brillouin function with J = S = 7/2. KEYWORDS: europium compound, EuGa 4 , antiferromagnetism, zero-field NMR Strong electron correlations in rare-earth-based compounds induce various interesting physical phenomena such as heavyelectron behavior, multipole order, unconventional superconductivity, spin or valence quantum critical fluctuations, and non-Fermi liquid behavior.
Strong electron correlations in rare-earth-based compounds induce various interesting physical phenomena such as heavyelectron behavior, multipole order, unconventional superconductivity, spin or valence quantum critical fluctuations, and non-Fermi liquid behavior. [1] [2] [3] Eu is a rare-earth element known to have two kinds of valence states: Eu 2+ (4 f 7 ) and Eu 3+ (4 f 6 ). The divalent Eu state is magnetic (J = S = 7/2, L = 0), where J is the total angular momentum, S is the spin angular momentum, and L is the orbital angular momentum. Therefore, the compounds with divalent Eu ions tend to order magnetically, following the Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction. In contrast, the trivalent Eu state is nonmagnetic (J = 0, S = L = 3). Note that the valence of Eu in some compounds is changed by temperature, magnetic field, and pressure. [4] [5] [6] [7] A mixed valence state is also an interesting feature of the compound.
In this study, we focus on the Eu intermetallic compound EuGa 4 , which crystallizes in the BaAl 4 -type tetragonal structure (space group: No.139, I4/mmm) shown in Fig. 1(a) . 8, 9) Eu atoms occupy the corners and the center of the bodycentered lattice with local symmetry (4/mmm in HermannMauguin notation or International notation). As for Ga atoms, they have two crystallographically inequivalent sites, denoted Ga1 (4m2) and Ga2 (4mm). A divalent Eu state was demonstrated from an isotropic behavior of the magnetic susceptibility in the paramagnetic state with the effective magnetic moment µ eff = 7.86 µ B /Eu. 9) This is close to a divalent value of 7.94 µ B /Eu. Antiferromagnetic (AFM) order was confirmed from the measurements of resistivity, magnetic susceptibility, specific heat, and thermoelectric power below a Néel temperature T N ≈ 16 K. 8, 9) In the AFM state, the magnetic susceptibility for H
[100] and [110] decreases with decreasing temperature, while the susceptibility for H [001] is almost * myogi@sci.u-ryukyu.ac.jp unchanged; thus, the magnetic moments are considered to lie in the ab-plane. 9) Moreover, a recent neutron scattering experiment has clarified that the AFM structure is of type-I.
10) The possible magnetic moment configuration in the AFM state is described by the arrows in Fig. 1(b) . In addition, the possible emergence of the charge density wave (CDW) order was also reported from the measurements of electrical resistivity and thermoelectric power under pressure. 9) NMR measurement is a powerful technique for investigating magnetic properties from the microscopic viewpoint. The nuclear properties of both Eu and Ga nuclei are listed in Table  I. 11) The NMR of both nuclei is basically possible in EuGa 4 . However, a ligand nucleus is usually used in pulse NMR experiments on rare-earth-based magnetic compounds because the relaxation time of rare-earth nuclei is too short for observing the NMR signal. As for divalent Eu compounds, to the best of our knowledge, the signal of the Eu nucleus is only observed in a magnetically ordered state of Eu chalcogenide compounds EuX (X = O, S, Se, and Te). [12] [13] [14] [15] In this circum- 4 were grown by the Ga self-flux method. Details of the sample preparation are described elsewhere. 8, 9) The crystals were powdered to facilitate applied rffield penetration. The 153 Eu and 69,71 Ga NMR measurements were performed by a conventional spin-echo method using a conventional phase-coherent pulsed spectrometer in the range of T = 1.6 − 7.5 K for 153 Eu and T = 1.5 − 14 K for 69,71 Ga. The NMR spectra were obtained by sweeping the frequency and integrating the spin-echo signal intensity step by step.
Generally, an external magnetic field is necessary for the observation of NMR. However, if there is a large internal field transferred on the nuclei from adjacent magnetic moments in the magnetically ordered state, the Zeeman interaction between the internal field and the nuclear magnetic moment causes the level splitting of the nuclear spin states. Then, we can observe the NMR signal under zero magnetic field, which is called the zero-field NMR (ZFNMR). 153 Eu has a nuclear spin I = 5/2; therefore, five split peaks were observed when there is a finite electric field gradient (EFG). Note that the frequency separations between neighboring peaks are different, which gives us important information on the direction of the internal field. The Eu site in EuGa 4 has a tetragonal local symmetry (4/mmm); hence, the EFG becomes axially symmetric, namely, the asymmetry parameter of the EFG becomes zero (η = 0). In addition, the main principal axis of the EFG, denoted V zz , is parallel to the c-axis. Thus, the nuclear spin Hamiltonian in the AFM state is given by
The first term of the Hamiltonian represents the Zeeman interaction between the nuclear magnetic moment µ n = γ n I and the internal field H int , where γ n is the nuclear gyromagnetic ratio and I is the nuclear spin. The second term in the Hamiltonian represents the nuclear quadrupole interaction between the EFG and the nuclear quadrupole moment Q. Here, ν Q is the nuclear quadrupole frequency defined by ν Q ≡ 3eQV zz /2I(2I−1)h. If H int V zz and the Zeeman interaction is larger than the nuclear quadrupole interaction, the separations between peaks become the same. On the other hand, if H int ⊥ V zz , the separations of the peak become inequivalent, which is consistent with the observed 153 Eu-ZFNMR spectrum, indicating ordered magnetic moments lying in the ab-plane. This is in good agreement with the results of magnetic susceptibility and neutron diffraction experiments.
The numerical calculation of the NMR resonance frequencies by the exact diagonalization of the nuclear spin Hamiltonian matrix explains well the peak positions of the spectrum. From this calculation, an internal field at the Eu nucleus H Eu int = 27.08 T and 153 ν Q = 30.5 MHz are obtained at 4.2 K; the H Eu int obtained is close to the value of 26.6 T determined by Mössbauer spectroscopy. 16) A broad tail of each peak indicates a microscopic inhomogeneity of the electric state at the Eu site. This asymmetric shape of the spectrum can be explained by considering a small distribution of the EFG. Figure 2(b) shows a calculated spectrum assuming a log-normal distribution of 153 ν Q , as shown in the inset of Fig. 2 . The calculation well explains the observed 153 Eu-ZFNMR spectrum. We infer two possible origins of this distribution. One is an intrinsic origin. An anomaly related to the CDW order was reported from the thermoelectric power measurement at ambient pressure.
9) Therefore, a short range order would occur at ambient pressure, causing a small distribution of the EFG. The other is an extrinsic origin. The powdering of the crystal might cause microscopic distortions to the sample, causing a distribution of the EFG.
Eu has two isotopes, 151 Eu and 153 Eu, as listed in Table. I. Using H Eu int = 27.08 T, we infer that the 151 Eu-ZFNMR spectrum appears at approximately 270 ∼ 300 MHz. However, we could not observe the signal. This is because the relaxation time of 151 Eu is shorter than that of 153 Eu. If a magnetic fluctuation is a predominant relaxation process, the relaxation rate is proportional to γ becomes 5 (≈ ( 151 γ n / 153 γ n ) 2 ) times shorter than that of 153 Eu. We used the shortest possible τ of 10 µs for 153 Eu-ZFNMR, where τ is the time between the excitation pulse and the refocusing pulse, implying that τ = 2 µs is necessary for observing the 151 Eu-ZFNMR signal. This is difficult for our present pulsed NMR spectrometer.
Next, we focus on the Ga-NMR. Ga has two isotopes, 69 Ga and 71 Ga, with a nuclear spin I = 3/2. Therefore, the spectrum consists of the center peak and two satellite peaks due to the nuclear quadrupole interaction for both Ga nuclei. Moreover, there are two independent Ga sites in EuGa 4 crystallographically; hence, four spectra are expected in the AFM state of EuGa 4 . However, we found only two Ga-ZFNMR spectra at T = 4.2 K, as shown in Fig. 3 . The local symmetries at both Ga sites give rise to an axially symmetric EFG with V zz parallel to the c-axis, as in the case of the Eu site. Thus, the nuclear spin Hamiltonian at both Ga sites can be written as eq. (1). The inequivalent separations between the center peak and two satellite peaks indicate that V Ga zz is not parallel to H Ga int , which denotes the internal magnetic field at the Ga site. The numerical calculation of the NMR spectrum, assuming V Ga zz ⊥ H Ga int and a log-normal distribution of H Ga int as shown in Fig. 3(c) same Ga site; namely, the spectra come from either the Ga1 or Ga2 site. The magnetic dipole interaction from the four nearestneighbor Eu moments shown in Fig. 4 with µ Eu = 6.07 µ B 10) produces the magnetic dipole fields H Ga1 dip = (0.334, 0, 0) T and H Ga2 dip = (0.176, 0, 0) T for the Ga1 and Ga2 sites, respectively. This is one order of magnitude smaller than H Ga int , indicating that the transferred hyperfine field is dominant for H Ga int . Hence, we discuss the internal fields at both Ga sites, considering the short range transferred hyperfine interaction between the Ga nucleus and ordered moments on the four nearest-neighbor Eu sites. A similar analysis was applied to discuss the magnetic structure of BaFe 2 As 2 .
17)
First, we focus on the internal field at the Ga1 site. The internal field can be written as the sum of contributions from each Eu site as
where B i is the hyperfine coupling tensor between the Ga1 and Eu i sites, and m i is the ordered moment on the Eu i site. From the local symmetry of the Ga1 site, the components of B i can be written as
In the case of the type-I AFM structure shown in Fig. 4(a) , the magnetic moments are
To include the possibility that the Eu moments are not parallel to the a-axis, we set m ab = (m a , m b , 0). Therefore,
Thus, the internal field at the Ga1 site appears in the ab-plane. Next, we focus on the internal field at the Ga2 site. The magnetic moment configuration is shown in Fig. 4(b) . The internal field at the Ga2 site is also written as eq. (2) with a different hyperfine coupling tensor denoted C i (i = xy,xy, xȳ, andxȳ). From the local symmetry of the Ga2 site, the components of C i can be written as
Following a similar procedure with the magnetic moments
we obtain
Thus, the internal field at the Ga2 site also appears in the abplane. This result does not change even if we consider the Eu magnetic moments located above and below the Ga2 site. The directions of the internal field at both Ga sites are in good agreement with the experimental result H Ga int ⊥ c-axis. However, we could not clarify which site contributes to the Ga-ZFNMR signals.
For further investigation, we have calculated the nuclear quadrupole frequency based on the band calculation by a full potential linear augmented plane wave (FLAPW) method on the basis of a local density approximation (LDA) assuming paramagnetic and ferromagnetic states of EuGa 4 without spin-orbit interaction. Here, we used the lattice parameter reported by Nakamura et al. 9) The estimated values are listed in Table II . These values are not in good agreement with the experimental values, especially in the case of the 153 Eu nucleus. This disagreement probably comes from the lack of a spin-orbit interaction and/or a large Coulomb interaction in 4 f electrons beyond the LDA in the present calculation. As for the Ga nucleus, 69 ν LDA Q (Ga2) for the ferromagnetic state is comparatively close to the experimentally obtained 69 ν Q . Therefore, we speculate that the observed Ga-ZFNMR spectra are derived from the Ga2 site, and the internal field at the Ga1 site is close to zero, which may be caused by almost the same value of the hyperfine coupling tensor components B 11 and B 22 . If this speculation is true, the 69 Ga nuclear quadrupole resonance signal at the Ga1 site should be observed at approximately 10 ∼ 20 MHz considering the theoretical estimation of 69 ν LDA Q (Ga1). However, we have not observed the signal until now, the reason for which is not clear.
Figures 5(a) and 5(b) show the temperature dependences of the internal fields at the Eu and Ga sites, respectively. In AFM materials, the internal field is proportional to the sublattice magnetization. The Eu 2+ state is stable and the magnetic state is well explained by the local moment picture in EuGa 4 ; thus, the temperature dependence of H int is well explained by the Brillouin function with J = S = 7/2 and T N = 16 K, as shown by the solid lines in Fig. 5 .
In summary, we have carried out zero-field NMR measurement in an antiferromagnetically ordered state of EuGa 4 . The analysis of the 153 Eu and 69,71 Ga ZFNMR spectra with well-resolved nuclear quadrupole splitting tells us that the magnetic moments lie in the ab-plane. The huge internal field at the Eu nucleus site and the temperature dependence of the internal fields at both Eu and Ga sites reveal that a well-localized f -electron-derived magnetic state is realized in EuGa 4 .
